Objective: Individuals with very low birth weight (VLBW; ,1500 g) are known to be predisposed to both short final height and cardiometabolic disorders. However, associations between final height and cardiometabolic outcomes including glucose metabolism in VLBW individuals in young adulthood are not fully investigated.
Introduction
Neonatal intensive care has markedly improved the survival rate of very low birth weight infants (VLBW; birth weight ,1500 g) in recent decades [1, 2] . The first generation of VLBW infants who survived because of improvements in neonatal care are now in their twenties or thirties. Therefore, we are now seeing a considerable number of VLBW infants reaching young adulthood, and the potential delayed effects of VLBW on later life have emerged as a significant concern. Several epidemiological studies have shown associations between low birth weight (,2500 g) and onset of type 2 diabetes and cardiovascular disease in later life [3] [4] [5] . Regarding pathophysiological pathways linking low birth weight to cardiometabolic outcomes, it is proposed that fetal malnutrition in the gestational period, which prevents appropriate fetal growth in utero, establishes thrifty phenotype in premature babies. This phenotype is considered to predispose them to cardiometabolic disorders later in life [6] . However, few studies [7, 8] have investigated glucose metabolism in young adults with VLBW. Thus, the clinical factors affecting glucose metabolism in VLBW individuals are still unclear.
Previous studies have shown that short final height in adulthood is associated with the risk of type 2 diabetes [9, 10] and cardiovascular disease [11] . Short final height in individuals born prematurely is considered to be a long-term consequence of intrauterine retardation and catch-up failure in childhood, which may be also associated with cardiometabolic risk [12] . In fact, VLBW individuals are known to have both shorter statures and higher glucose levels compared with term subjects [7] . If final height serves as an index of cardiometabolic outcomes in VLBW individuals, VLBW individuals with a short final height could be encouraged to undergo medical checkups in early adulthood. Therefore, we conducted an observational study of young adults with VLBW to clarify the associations between final height and cardiometabolic outcomes, including glucose metabolism, lipid profiles, blood pressure, renal function, urinary albumin, and thyroid function, which are associated with cardiometabolic disorders [13] . To investigate glucose metabolism in detail, we performed oral glucose tolerance tests (OGTTs), which enabled us to assess the potential mechanism of glucose intolerance. Final height is influenced by genetic factors [14, 15] and sexual maturation [16] , in addition to poor fetal environmental conditions. For this reason, we also extended the analysis to validate the associations between final height and cardiometabolic outcomes in a model that included clinical factors of genetic inheritance and sexual maturation.
Subjects and Methods

Study population and procedures
We conducted an observational study of young adults with VLBW who were born between 1980 and 1990 and treated at the neonatal intensive care unit at Seirei Hamamatsu General Hospital (Hamamatsu, Japan). Further details of this study setting were previously reported [8] . The neonatal intensive care unit was established in 1977 and more than 400 neonates are treated annually. The hospital's birth database was used to identify VLBW individuals and we excluded subjects who were dead or suffered from severe neurodevelopmental impairment. We wrote to the remaining individuals to invite them to participate in the study in May 2010. Anthropometric and cardiometabolic assessments, including a standard 75-g OGTT, were performed at Seirei Hamamatsu General Hospital between July 2010 and March 2011. After completing these assessments, we conducted extended analyses to validate the associations between final height and cardiometabolic outcomes taking into account the effects of genetic inheritance and sexual maturation on final height. We sent the participants questionnaires regarding their parents' heights and the age at puberty onset. Parental heights are an index of genetic inheritance and were used to calculate the subjects' target height. Age at puberty onset was used as an index of sexual maturation.
VLBW was defined as a birth weight of ,1500 g and extremely low birth weight (ELBW) was defined as a birth weight of ,1000 g according to World Health Organization criteria. Small for gestational age (SGA) status was defined as a birth weight , 10th percentile for gestational age according to standards developed by a study group of the Japanese Health Ministry [17] . Birth weight $10th percentile for gestational age was defined as appropriate for gestational age (AGA).
The study was approved by the ethical committee of Seirei Hamamatsu General Hospital. All participants provided written informed consent to participate in the study.
Measurements and calculations
The anthropometric and cardiometabolic assessments in young adulthood were performed at Seirei Hamamatsu General Hospital. Height was measured using a stadiometer to the nearest millimeter. Short stature was defined as a final height of ,10th percentile based on Japanese population data published by the Japanese Ministry of Education, Culture, Sports, Science, and Technology [18] . Subjects with a final height $10th percentile were included in a non-short stature group. In the extended analyses, target height was calculated as follows [19] : males, (paternal height + maternal height +13)/2+2; females, (paternal height + maternal height -13)/2+2. Growth failure was defined as a final height ,10th percentile and below the target height. The age at puberty onset was defined as the earliest onset age of voice changes, growth of pubic hair, or penis and testicle development in males and as the earlier onset age of menarche or growth of pubic hair in females.
All participants underwent a standard 75-g OGTT after a 10-h overnight fast. Plasma glucose and serum insulin levels were measured during the OGTT. Fasting glucose levels and 2-h glucose levels were used for the diagnosis of diabetes, impaired glucose tolerance (IGT), and impaired fasting glycemia (IFG) according to the World Health Organization criteria [20] . Glucose intolerance was defined as diabetes, IGT, or IFG. Because 1 h plasma glucose concentration was reported to be associated with the future risk of type 2 diabetes and atherosclerosis, 1 h plasma glucose levels .8.6 mmol/l (155 mg/dl) in subjects without diabetes, IGT, or IFG was defined as isolated 1-h hyperglycemia [21, 22] . Plasma glucose and serum insulin levels were measured using hexokinase method and chemiluminescent enzyme immunoassay method, respectively, on an autoanalyzer (JCA-BM2250; JEOL, Tokyo, Japan). Fasting blood samples were used to measure total cholesterol, HDL-cholesterol, LDL-cholesterol, triglyceride, creatinine, thyroid stimulating hormone (TSH), and free T4 (fT4). Urine samples were used to estimate the urinary albumin/ creatinine ratio. Glycated hemoglobin A1c (HbA1c) was measured using a high-performance liquid chromatography (HPLC) method on an automated glycohemoglobin analyzer (HLC-723G8; Tosoh Bioscience, Tokyo, Japan). TSH .2.5 mU/l, which was reported to be associated with future hypothyroidism in a large-scale longitudinal cohort study [23] , was defined as elevated TSH.
Insulin sensitivity was estimated using the homeostatic model of assessment for insulin resistance (HOMA-IR) [24] : fasting insulin (mU/ml) 6 fasting glucose (mmol/l)/22.5. Pancreatic b cell function was estimated using the homeostatic model of assessment for b cell (HOMA-b) and insulinogenic index. HOMA-b was calculated as follows [24] : 206 fasting insulin (mU/ml)/[fasting glucose (mmol/l) 23.5]. Insulinogenic index, the index of early insulin response during OGTT, was calculated as follows: Dinsulin (30 min-0 min)/Dglucose (30 min-0 min). The estimated glomerular filtration rate (eGFR) was calculated using the formula developed by the Japanese Society of Nephrology [25] 
Statistical analysis
Statistical analyses were conducted using SPSS software version 20.0 (IBM, Inc., Armonk, NY, USA). Quantitative variables are expressed as the mean and SD or 95% CI. Categorical variables are presented as the number and percentage. The Shapiro-Wilk test was used to assess the normality of each variable. Continuous variables were compared between subgroups of subjects using Student's t test or the Mann-Whitney U test. Categorical variables were compared between subgroups of subjects using Pearson's x the association between short stature and glucose intolerance with adjustment for sex, body weight, family history of diabetes (including second-degree relatives), and SGA/AGA. The association between short stature and a combined category of glucose intolerance and isolated 1-h hyperglycemia was also assessed with adjustment for the same factors. Multiple linear regression was used to investigate the associations between final height and cardiometabolic outcomes. Sex, body weight, family history of diabetes, and SGA/AGA were also included in the model for the adjustment. In the extended analyses performed to validate the associations of final height with cardiometabolic outcomes, the multiple linear regression model was adjusted for sex, body weight, family history of diabetes, SGA/AGA, target height, and age at puberty onset. This model was also used to determine correlations between age at puberty onset and cardiometabolic outcomes. Multiple linear regression was also used to evaluate the associations between growth failure and cardiometabolic outcomes, with adjustment for sex, body weight, family history of diabetes, SGA/AGA, and age at puberty onset. In all analyses, values of P,0.05 were considered statistically significant.
Results
Subject characteristics
A total of 628 Japanese VLBW individuals were born between 1980 and 1990, and were treated at the neonatal intensive care unit ( Figure 1 ). Of these, 229 were excluded because of death (n = 132) or severe neurodevelopmental impairment (n = 97). We sent invitations to the remaining 399 subjects, of which 98 were returned marked as address unknown. Of the 301 individuals who were thought to have received the letters, 111 subjects aged 19-30 years participated in the study. The characteristics of these subjects are summarized in Table 1 . Of the 111 participants, 71 completed the questionnaires regarding parental height and age at puberty onset. Therefore, the extended analyses were conducted in this group of 71 subjects.
Of the 111 subjects included in this study, 40 (36%) had a short stature with a final height ,10th percentile, comprising the short stature group. We compared the characteristics of the short stature group and the non-short stature group. Birth weight, height in adulthood, and body weight in adulthood were significantly lower in the short stature group than in the non-short stature group. SGA and ELBW were significantly more frequent in the short stature group than in the non-short stature group. There were fewer females in the short stature group than in the non-short stature group. Only two subjects were treated with growth hormone (GH) in childhood; both were in the short stature group. The proportion of subjects with high body mass index (.25 kg/ m 2 ) in adulthood tended to be greater in the short stature group than in the non-short stature group.
Associations between final height and cardiometabolic outcomes
The cardiometabolic characteristics of the subjects in young adulthood, including glucose metabolism, lipid profiles, blood pressure, renal function, urinary albumin, and thyroid function, are summarized in Table 1 . The proportions of subjects with glucose intolerance (diabetes, IGT, or IFG) (15.0% vs. 2.8%, P = 0.025) or a combined category of glucose intolerance and isolated 1-h hyperglycemia (27.5% vs. 14.1%, P = 0.083) were higher in the short stature group. The total cholesterol level tended to be higher in the short stature group than in the non-short stature group.
Logistic regression with adjustment for sex, body weight, family history of diabetes, and SGA/AGA revealed that short stature was significantly associated with glucose intolerance (adjusted odds ratio [OR] 11.1; 95% CI 1.92, 99.7; P = 0.006) and a combined category of glucose intolerance and isolated 1-h hyperglycemia (adjusted OR 3.55; 95% CI 1.13, 12.1; P = 0.030).
We next investigated the associations between final height and cardiometabolic outcomes using multiple linear regression (Table 2) with adjustment for sex, body weight, family history of diabetes, and SGA/AGA. In these analyses, final height in adulthood was negatively associated with HOMA-IR, HOMA-b, insulinogenic index, total cholesterol, and LDL-cholesterol. Final height also showed trends towards negative associations with fasting glucose and 2-h glucose, and a trend towards a positive association with HDL-cholesterol. Final height was not associated with blood pressure, renal function, urinary albumin, or thyroid function.
Associations of final height, growth failure, and age at puberty onset with cardiometabolic outcomes in the extended analyses
We conducted extended analyses in 71 responders (Figure 1 ) to validate the associations between final height and cardiometabolic outcomes. There were no significant differences in clinical characteristics between these 71 subjects and the 40 subjects excluded from the extended analyses. The parental heights, target height, growth failure rate and age at puberty onset of the males and the females are shown in Table 3 . The proportion of subjects whose final height was below the target height was not significantly different between males and females (P = 0.507). However, the proportions of subjects with a final height ,10th percentile (P = 0.006) or those with growth failure (i.e., final height below the target height and ,10th percentile; P = 0.022) were both significantly greater in males than in females. Table 2 shows the associations between final height and cardiometabolic outcomes in the extended analysis, with adjustment for sex, body weight, family history of diabetes, SGA/AGA, target height, and age at puberty onset. Final height was negatively associated with fasting glucose and HOMA-IR, but was not associated with HOMA-b or the insulinogenic index. The associations between final height and lipid profiles in the extended analysis were similar to those in the primary analysis. Final height was negatively associated with LDL-cholesterol. Final height tended to be negatively associated with total cholesterol and tended to be positively associated with HDL-cholesterol.
We also evaluated the associations between growth failure and cardiometabolic outcomes in cohort of 71 subjects using multiple linear regression (Table 4) with adjustment for sex, body weight, family history of diabetes, SGA/AGA, and age at puberty onset. Growth failure was positively associated with HOMA-IR, and tended to have a positive association with 1-h plasma glucose, but was not associated with HOMA-b or the insulinogenic index. Growth failure was not associated with lipid profiles, blood pressure, renal function, urinary albumin, and thyroid function.
Multiple linear regression showed that age at puberty onset was positively associated with HbA1c after adjusting for sex, height, body weight, family history of diabetes, SGA/AGA, and target height. However, the age at puberty onset was not associated with other glucose metabolism-related variables. The age at puberty onset was significantly associated with HbA1c in males (b = 0.098; 95% CI 0.003, 0.194; P = 0.044) but not in females (b = 0.079; 95% CI 20.007, 0.166; P = 0.070).
Final Height and Cardiometabolic Outcomes in VLBW Subjects
Of 111 subjects enrolled in the study, 39 were born SGA and 72 were born AGA. These subjects were used to examine an association between SGA and thyroid function. TSH levels tended to be higher in the SGA group than in the AGA group (1.6460.14 mU/l vs. 1.2960.06 mU/l, P = 0.100). In addition, the proportion of subjects with elevated TSH levels within the reference range (.2.5 mU/l) tended to be greater in the SGA group than in the AGA group (15.4% vs. 4.2%, P = 0.064). Multiple linear regression with adjustment for sex, body mass index, and smoking showed that SGA was positively associated with TSH levels in young adults with VLBW (b = 0.188; 95% CI 0.058, 0.318; P = 0.005). TSH levels were not significantly associated with cardiometabolic outcomes in multiple linear regression with adjustment for SGA/AGA (data not shown).
Discussion
To our knowledge, this is the first study to show that short final height has unfavorable associations with glucose metabolism and lipid profiles in young adults with VLBW. There are three key findings of the present study: 1) hyperglycemia was relatively common in young adults with VLBW and short stature; 2) final height was negatively associated with glucose levels and HOMA-IR; and 3) final height was negatively associated with total cholesterol and LDL-cholesterol and tended to be positively associated with HDL-cholesterol.
Postnatal catch-up during infancy following intrauterine growth restriction has been shown to be associated with glucose intolerance in later life [26, 27] . However, the present study revealed that, in young adults with VLBW, final catch-up failure is a manifestation of co-existing cardiometabolic disorders, including glucose intolerance and dyslipidemia. A previous French study revealed that young adults born SGA were shorter and had higher glucose and insulin levels than those born AGA [12] . Studies of general populations have also shown that short final height in adulthood is associated with the risk of type 2 diabetes [9, 10] . Meanwhile, other recent studies indicated that short leg or arm length is associated with cardiometabolic disorders, including type 2 diabetes [28] [29] [30] . Thus, an imbalance in limb and trunk lengths might be a potential marker for cardiometabolic disorders, as well as final height in young adults with VLBW. The unfavorable associations of short final height with glucose metabolism in young adults with VLBW seem to be mediated by reduced insulin sensitivity rather than b cell dysfunction. The association between final height and HOMA-IR was consistently observed in the primary analyses and in the extended analyses, although the associations of final height with HOMA-b or the insulinogenic index were inconsistent. The associations between final height and lipid profiles, which are related to insulin Table 2 . Associations between final height and cardiometabolic outcomes in young adults with VLBW in the primary and extended analyses. Final Height and Cardiometabolic Outcomes in VLBW Subjects PLOS ONE | www.plosone.orgsensitivity [31] , were generally consistent between the primary analyses and the extended analyses. It is notable that final height was negatively associated with HOMA-b and the insulinogenic index, indicating HOMA-b and insulinogenic index are higher in shorter subjects. In the extended analyses, growth failure was positively associated with HOMA-IR, but was not associated with the indices of b cell function. These findings indicate that final height has a greater association with insulin sensitivity than b cell Table 3 . Parental height, target height, and age at puberty onset of subjects with VLBW who were included in the extended analyses. Table 4 . Associations of growth failure and age at puberty onset with cardiometabolic outcomes in young adults with VLBW in the extended analyses. Final Height and Cardiometabolic Outcomes in VLBW Subjects PLOS ONE | www.plosone.orgfunction in young adults with VLBW. The reason for the negative association between final height and b cell function in the primary analysis is unclear. However, one explanation is that of greater b cell compensation for reduced insulin sensitivity in shorter subjects, which can lead to future b cell exhaustion [31, 32] . Therefore, it is possible that the findings may differ if glucose status is assessed in middle-aged subjects with VLBW.
In the extended analyses, multiple linear regression showed that the age at puberty onset was positively associated with HbA1c, especially in males. Previous studies have shown that early timing of puberty was associated with cardiometabolic disorders [33] [34] [35] [36] , although a recent large-scale population-based study reported that the age at menarche was not associated with diabetes [37] . Most of these studies included female subjects and investigated the associations between early menarche with cardiometabolic outcomes [35] [36] [37] . Therefore, the associations between male pubertal timing and cardiometabolic outcomes are still unclear. Our findings suggest that the impact of pubertal timing on glucose metabolism in individuals with VLBW differs between males and females, and might be due to the different effects of sex hormones on glucose metabolism. However, we cannot prove the difference of hormonal effects as sex hormones were not measured in the present study.
Thyroid function is also associated with cardiometabolic disorders [13] . In the present study, thyroid function was not significantly different between the short stature group and the nonshort stature group. We then conducted exploratory analyses evaluating the association between SGA and TSH levels in young adulthood because a previous study showed that prepubertal children born SGA had higher TSH levels than those born AGA [38] . In the exploratory analyses, 9 subjects (8.1%) had elevated TSH levels (.2.5 mU/l), which was reported to be associated with future hypothyroidism in an earlier study [23] , and SGA was positively associated with TSH levels in young adulthood. Thus, our results suggest that individuals with VLBW, especially those that are born SGA, may be predisposed to hypothyroidism in later life.
Strengths and Limitations
Some strengths of our study include the relatively large number of subjects from the first generation of young adults with VLBW, who account for only 0.5% of the general population. These subjects underwent OGTTs, allowing us to assess markers for insulin sensitivity and b cell function. Therefore, we were able to assess the potential mechanism explaining the association between short stature and glucose intolerance. We also evaluated other cardiometabolic outcomes, including lipid profiles, blood pressure, renal function, and thyroid function. In addition, because this study was performed in a genetically homogenous population, it was not necessary to consider possible ethnic differences in cardiometabolic outcomes.
Some limitations of the study include the lack of information on growth trajectories in childhood and on maternal factors such as advanced age, smoking, gestational diabetes, hypertension, assisted reproductive technology and socioeconomic status. Furthermore, we did not enroll any control subjects, which limits our ability to evaluate the association between VLBW itself and cardiometabolic outcomes. In terms of the study outcomes, although we have demonstrated that short final height is associated with adverse glucose or lipid profiles in young adults with VLBW, we did not evaluate cardiovascular-related events. Moreover, a recent population-based study reported that height in mid-life was positively associated with mortality [39] . The findings of the present study should be carefully interpreted considering the limitation that the outcomes are surrogate markers for cardiovascular disease. In the extended analyses, we incorporated information regarding parental heights and the age at puberty onset, which were obtained by questionnaires. The age at puberty onset, in particular, may be subject to recall bias, although the extent of recall bias should be reduced in females because the age at menarche is a significant event [40] . Of 111 participants included in the primary analyses, 71 (64%) responded to the questionnaires and were included in the extended analyses. Although the response rate was not necessarily high, there were no significant differences in the baseline clinical characteristics between the responders and the non-responders.
Conclusions
Shorter final height is unfavorably associated with glucose metabolism and lipid profiles in young adults with VLBW, and these associations might be mediated by reduced insulin sensitivity. Notably, the associations between final height and variables related to insulin sensitivity and lipid profiles were not confounded by target height or age at puberty onset. Our results suggest that final height is a potential indicator of cardiometabolic outcomes in individuals with VLBW and could support public health interventions. Further large-scale prospective studies are needed to confirm the association between shorter final height and cardiometabolic disorders that underlie cardiovascular disease in individuals with VLBW.
